Plastidial thioredoxin (TRX)-like2.1 proteins are atypical thioredoxins possessing a WCRKC active site signature and using glutathione for recycling. To obtain structural information supporting the peculiar catalytic mechanisms and target proteins of these TRXs, we solved the crystal structures of poplar TRX-like2.1 in oxidized and reduced states and of mutated variants. These structures share similar folding with TRXs exhibiting the canonical WCGPC signature. Moreover, the overall conformation is not altered by reduction of the catalytic disulfide bond or in a C45S/C67S variant that formed a disulfide-bridged dimer possibly mimicking reaction intermediates with target proteins. Modeling of the interaction of TRX-like2.1 with both NADPH-and ferredoxin-thioredoxin reductases (FTR) indicates that the presence of Arg43 and Lys44 residues likely precludes reduction by the plastidial FTR.
Plastidial thioredoxin (TRX)-like2.1 proteins are atypical thioredoxins possessing a WCRKC active site signature and using glutathione for recycling. To obtain structural information supporting the peculiar catalytic mechanisms and target proteins of these TRXs, we solved the crystal structures of poplar TRX-like2.1 in oxidized and reduced states and of mutated variants. These structures share similar folding with TRXs exhibiting the canonical WCGPC signature. Moreover, the overall conformation is not altered by reduction of the catalytic disulfide bond or in a C45S/C67S variant that formed a disulfide-bridged dimer possibly mimicking reaction intermediates with target proteins. Modeling of the interaction of TRX-like2.1 with both NADPH-and ferredoxin-thioredoxin reductases (FTR) indicates that the presence of Arg43 and Lys44 residues likely precludes reduction by the plastidial FTR.
Keywords: atypical thioredoxin; crystal structure; disulfide exchange; glutathione; Populus Thioredoxins (TRXs) are ubiquitous proteins present in most prokaryotes and eukaryotes, which catalyze dithiol-disulfide exchange reactions [1] . In plants, TRXs are classified according to their gene structure, primary structure, and subcellular localization. Various TRX types are present in chloroplasts/plastids, including TRX f, m, x, y, z, CDSP32, and several TRXlilium and TRX-like proteins [2, 3] . Thioredoxins of the o-type are located in mitochondria [4] , while h-type TRXs are found in the cytosol, mitochondria, or attached to the plasma membrane or to the ER/Golgi endomembrane system [5] [6] [7] . These proteins share similar overall three-dimensional topology with proteins such as glutaredoxins (GRXs) and protein disulfide isomerases (PDIs), which often contain additional protein domains [8, 9] .
Abbreviations FTR, ferredoxin-thioredoxin reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; NTR, NADPH-thioredoxin reductase; TRX, thioredoxin.
The overall polypeptide chain fold of TRXs is highly conserved among species and consists of a central five-stranded b-sheet surrounded by four a-helices [10] . Typical TRXs possess a canonical WC[G/P]PC active site signature located in a highly conserved and exposed region [2] . Both active site cysteine residues are generally required for the reduction of disulfide bonds in target proteins [11] . The first (catalytic) cysteine performs a nucleophilic attack on the target disulfide bonds, leading to the formation of an intermolecular disulfide bond with the target protein. This mixed disulfide intermediate is then attacked by the second (resolving) cysteine, resulting in the release of a reduced target protein and an oxidized TRX. The subsequent reduction of TRXs depends on their subcellular localization; most cytosolic and mitochondrial TRXs are reduced by an NADPH-TRX reductase (NTR) [12] . In chloroplasts, this reduction is mediated by the ferredoxin-TRX reductase (FTR) with electrons provided by the photosynthetic electron transport chain [11, 13] . A particular case is the plastidial NTRc, which is a fusion between NTR and TRX domains and thus relies on NADPH as the electron donor [14] .
Some atypical TRX isoforms including TRX-like2.1 can use a glutathione (GSH)-dependent system for regeneration [15, 16] . In the case of poplar TRX h4 and its plant orthologs, this recycling step involves an additional, conserved cysteine present at the fourth position from the N terminus and the reduction is mediated by a GSH/GRX system [17, 18] . As the most abundant low molecular weight thiol in cells, GSH is essential for the regulation of cellular redox homeostasis [19] . In particular, GSH can modulate protein activity through glutathionylation, a reversible posttranslational modification involving the formation of a disulfide bond between glutathione and free thiols of proteins [20] . Besides constituting a rapid switch for redox regulation, protein S-glutathionylation is part of the recycling mechanism of some thiol-dependent enzymes and may also be important for the protection of protein cysteines from irreversible oxidation [21] . The formation of glutathione adducts occurs either by reaction of an oxidized cysteine with GSH or by reaction of reduced cysteines with oxidized glutathione forms, the most common being disulfide glutathione (GSSG) and nitrosoglutathione (GSNO) [20] . Interestingly, some TRXs in various organisms can be glutathionylated at cysteine residues located outside the active site region. This modification impairs the reductase activity by interfering with the recycling system [22, 23] .
Genomic analyses of higher plant species have revealed the presence of a large number of TRX-like proteins, including TRX-like2.1, which possess a noncanonical WCRKC active site signature. TRX-like2.1 are present in most photosynthetic organisms, except in cyanobacteria and some algae such as Chlamydomonas reinhardtii [3] . Although many three-dimensional structures have been solved for both prokaryotic and eukaryotic TRXs with canonical WC [G/P]PC active sites, this is not the case for atypical TRXs. Since the two residues located between the active site cysteines are important determinants for the redox and biochemical properties of TRXs in general, and of TRX-like 2.1 in particular [16, 24] , it is clearly important to explore these specificities at the structural level. Indeed, we previously observed that poplar TRX-like2.1 exhibited GSH-dependent activity despite being reduced in vitro by NTR, but not FTR [16] . Moreover, mutation of the active site signature from WCRKC to WCGPC significantly altered the specificity toward target proteins [16] . Here, we have determined the crystal structures of poplar TRX-like2.1 in the reduced or oxidized states, and of variants exhibiting a WCGPC signature or possessing only the first (catalytic) cysteine. These structures show that the atypical TRX-like2.1 has the same overall folding as typical TRXs and that the cationic residues Arg43 and Lys44 in the catalytic site play an important role in substrate recognition, precluding interaction with FTR or certain target proteins.
Materials and methods

Site-directed mutagenesis and protein purification
The pET-3d expression plasmids containing the sequences encoding TRX-like2.1 or TRX-like2.1 C45S [16] were used to introduce the C67S mutation by PCR using two complementary mutagenic primers, forward 5 0 AAAATCAAATT CTATTCCGCGGATGTCAACAAG 3 0 and reverse 5 0 CT TGTTGACATCCGCGGAATAGAATTTGATTTT 3 0 . The presence of the mutation was confirmed by DNA sequencing. The recombinant plasmids were expressed in the BL21 (DE3) pSBET Escherichia coli strain and the corresponding recombinant proteins were purified following the procedure used for TRX-like2.1 [16] .
Crystallization, data collection, and refinement
Crystallization screening trials were performed using the vapor diffusion method with a MosquitoTM nanoliter-dispensing system (TTP Labtech, Hertfordshire, UK Table 1 . For data collection, the crystals were flash-cooled in liquid nitrogen using a paratone-paraffin oil mixture (50%/50%) as a cryoprotectant. The X-ray diffraction data were collected on beamline PROXIMA-1 (Synchrotron SOLEIL, St Aubin, France) or beamline BM-14 (Synchrotron ESRF, Grenoble, France). The diffraction images were integrated with the program XDS [25] and crystallographic calculations were carried out with programs from the CCP4 program suite [26] . The structure of TRX-like2.1 was solved by molecular replacement with the program PHASER [27] using TRX h1 from C. reinhardtii (PDB 1EP7) as a search model. The other structures were solved using TRX-like2.1 as a template. The structures were refined by alternate cycles of refinement with the program BUSTER [28, 29] and manual adjustments were made to the models with COOT [30] . The crystallization conditions, crystal parameters, data statistics, and refinement parameters are shown in Table 1 . All structural figures were generated with PYMOL (v 1.8.1.0, Schro¨dinger, LLC, New York, NY, USA). Structure analyses were done using the program CHIMERA (structure superimpositions) [31] , the server PDB2PQR and the program APBS (electrostatic potential visualizations) [32] , and the server EBI-PISA (exploration of protein interfaces) [33] .
Assessing the reduction of oxidized TRX-like2.1 forms
The reduction of the TRX-like2.1 C45S/C67S dimer was monitored on nonreducing SDS/PAGE after incubating 15 lg of protein at room temperature for 15 min with 100 lM dithiothreitol (DTT), either reduced or oxidized, 500 lM GSH or a complete regeneration system mimicking physiological conditions and composed of either 20 lM NADPH/1 lM glutathione reductase (GR)/20 lM GSH or 20 lM NADPH/1 lM NTRB from Arabidopsis thaliana or 20 lM NADPH/40 nM ferredoxin (FDX)-NADP reductase (FNR)/1 lM FDX/1 lM FTR. NADPH, GR from Baker's yeast and GSH were obtained from SIGMA (Saint-Louis, MI, USA). Other proteins, A. thaliana NTRB, C. reinhardtii FNR, Synechocystis FDX and FTR, are recombinant proteins purified as described previously [34] .
PDB accession numbers
The atomic coordinates and structure factors for TRXlike2.1 and its variants have been deposited in the RCSB Protein Data Bank with the pdb codes 5NYK, 5NYL, 5NYM, 5NYN, 5NYO, respectively, for oxidized TRXlike2.1, the WCGPC variant, reduced TRX-like2.1, TRXlike2.1 treated with GSSG, and the TRX-like2.1 C45S/ C67S variant.
Results and Discussion
The oxidized and reduced forms of TRX-like2.1 are globally similar A purified recombinant TRX-like2.1 in the oxidized state was first used for crystallographic analysis. The crystal belonged to space group P2 1 2 1 2 1 with a single molecule in the asymmetric unit and the structure was refined at 1.05 A resolution ( Table 1 ). The polypeptide chain could be traced from residues 5-122, with weak density for residues Gly104 and His105 suggesting mobility or disorder in this segment. The overall structure comprises five mixed b-strands surrounded by four a-helices in b1, a1, b2, a2, b3, a3, b4, b5, and a4 topology. The catalytic cysteine residues (Cys42 and Cys45) form a disulfide bond. Cys42 is located in an exposed loop between strand b2 and helix a2, while Cys45 is in helix a2 (Fig. 1A ). An additional surface exposed cysteine residue (Cys67) is located in strand b3 near the catalytic site (Fig. 1A) . TRX-like2.1 shares the same topological fold of typical TRXs such as Homo sapiens TRX1 (PDB 1ERU), E. coli Trx1 (PDB 2TRX), and C. reinhardtii TRX h1 (PDB 1EP7). The latter was used as the molecular replacement template model (Fig. 1B and Fig. S1 ). The overall RMSD in Ca positions of the superimposed structures is 1.3 A (101 residues) despite the low sequence identities (Table S1 ). The conformation of the polypeptide chain in the active site region is similar in all structures. Most of the residues that play important catalytic and structural roles in canonical TRXs are conserved in TRX-like2.1 (Fig. S2) [35] . The most obvious feature of TRX-like2.1 is located between the two catalytic residues where the 43 
RK
44 sequence replaces the canonical GP sequence. Both of these charged hydrophilic side chains are exposed to solvent and make no specific intramolecular interactions. This 43 RK 44 sequence plus the adjacent 104 HK 105 sequence of the b5-a4 loop create a positive patch at the surface of the active site. In addition, the N-terminal end of helix a4 is elongated by one turn compared to H. sapiens TRX1, E. coli TRX1, and C. reinhardtii TRX h1. These properties lead to substantial differences in the surface and the electrostatic potential compared to other TRXs (Fig. S1) .
To determine the structure of the catalytically active reduced form, crystals of TRX-like2.1 were soaked overnight with 20 mM DTT and the corresponding structure was solved at 1.4 A resolution (Table 1, Fig. 1C) . Analysis of the crystal structure confirmed the reduction of the catalytic disulfide bond. The thiol groups of Cys42 and Cys45 are separated by 3.4 A and are not engaged in any new covalent interactions (Fig. 1D) . Comparison of the reduced and oxidized structures revealed only minor differences with an overall RMSD in Ca positions of 0.14 A. The only other significant conformational difference in the active site region is a shift in the exposed side chain of Lys44 (Fig. 1C) .
The absence of major structural variations between the oxidized and reduced forms of TRX-like2.1 is in agreement with observations made on human and E. coli TRXs for which the experimental structures of both forms were reported [36, 37] . In human and E. coli TRXs, a displacement of the Trp residue in the WCGPC active site was observed. In human TRX, the reduction of the disulfide bond induces a shift of the indole ring leading to the removal of a hydrogen bond between Trp31-NE1 and Asp60-OD1. The equivalent Trp residue in TRX-like2.1 also exhibits a small shift without the hydrogen bond loss (Trp41-NE1 . . . OD1-Asn71). The hydrogen bond is also conserved in E. coli Trx1.
A covalent dimer is representative of an intermediate in the thiol-disulfide exchange reaction
The observations that TRX-like2.1 possesses a glutaredoxin activity profile, that the Cys42-Cys45 disulfide bond can be reduced by glutathione, and that the TRX-like2.1 C45S variant displays enzymatic activity comparable to the intact protein [16] resolution with a crystal soaked overnight with 20 mM GSSG (Table 1) . In this structure, a distance of 3.14 A between the sulfhydryl groups of Cys42 and Cys45 indicated that the catalytic disulfide bond is predominantly reduced, but no glutathione was bound to one of these cysteine residues (Fig. 2A) . Instead, a GSH is bound covalently to Cys67, but this adduct was only partially visible in the electron density ( Fig. 2A,B) . No hydrogen bond was observed between the GSH moiety and the protein, suggesting that there is no specific GSH-binding site. Although the role of the nonconserved Cys67 residue in TRX-like 2.1 is unclear, the binding of GSH suggests that it may be reactive. Indeed, it has been reported that glutathionylation of an additional cysteine (Cys60) in A. thaliana TRX f1 impaired its reduction by FTR, which selectively inactivates this isoform among other plastidial TRXs [23] . The human TRX1 possesses three additional cysteines that are involved in the formation of an intramolecular disulfide bond (Cys62-Cys69) and of an intermolecular disulfide (Cys73) and that can also be glutathionylated or nitrosylated [22, 36, 38, 39] . These oxidized TRX forms could represent a means to inhibit TRX activity transiently under specific conditions. This could also be the case for poplar TRX-like2.1.
In order to obtain a glutathione adduct on the Cys42 of TRX-like2.1, we expressed and purified a C45S/C67S variant. This variant formed a covalent dimer in solution as observed in nonreducing SDS/ PAGE (Fig. 3A) . To determine whether this oxidized dimeric form could be reduced, the TRX-like2.1 C45S/ C67S variant was incubated with DTT or GSH, with NADPH/GR/GSH (which ensured full reduction of GSH), with NADPH/NTR, and with NADPH/FNR/ FDX/FTR (Fig. 3A) . A treatment with oxidized DTT was performed to further oxidize the remaining monomeric form in solution. We observed that reduced DTT and GSH, but not the thioredoxin reductases, were able to fully reduce the homodimer (Fig. 3A) . Crystallization trials were then performed with the untreated TRX-like2.1 C45S/C67S variant and with a prereduced variant treated with an excess of GSSG or GSNO to promote the glutathionylation of Cys42. However, we were only able to obtain crystals with the untreated protein ( Table 1 ). The crystal structure of the C45S/C67S mutant confirmed the presence of a covalent disulfide bond between the catalytic Cys42 residues of two monomers (Fig. 3B) . This dimeric structure likely mimics a covalent intermediate formed between TRXs and their protein targets in the first step of the enzymatic reaction. The overall folding topology of each monomer is maintained except in the vicinity of Cys42, where a significant rearrangement of the side-chain indole group of Trp41 is observed (Fig. 3C) . In each monomer, the indole group of Trp41 makes hydrophobic interactions with Ile83 and Met86 of the second monomer. These observations are consistent with previous structural and functional studies suggesting that the conserved Trp41 plays an important role to maintain the active site in a bioactive conformation and to mediate protein target recognition during the catalytic reaction [40, 41] . However, in other Trx-target structures, there is no significant conformational change of the equivalent tryptophan during complex formation (Fig. S3) .
The TRX-like2.1 dimer interface of 550 A 2 is roughly similar to those reported for other Trx-target complexes (Fig. S3) . As found for the barley TRX h2-alpha-amylase/subtilisin inhibitor (BASI) complex, the loops b2-a2, a3-b4, and b5-a4 in TRXs are most often involved in the interaction with their target proteins A B [42]. The loops b2-a2 and a3-b4 are also engaged in TRX-like2.1 dimer stabilization mainly through hydrophobic interactions. In addition, the loop b3-a3 and the helix a3, located at the opposite side of the loop b5-a4 with respect to the central catalytic cysteine, also contribute to the interaction between TRX-like 2.1 monomers (Fig. 3C ). Among the available crystal structures of TRX-target complexes, the only other example where these secondary structures participate in target recognition is that of the TlpA thioredoxin in complex with bacterial copper chaperone Scol or with cytochrome oxidase subunit II [43] . Interestingly, TlpA displays some nonoverlapping surface areas for the recognition of both partners (Fig. S3) . The shared overlap area involves residues from the loops b2-a2 and a3-b4 and the helix a3. These observations highlight the structural plasticity of TRXs to bind diverse protein substrates as underlined in a report describing a TRX from yeast in complex with a methionine sulfoxide reductase [44] . It is also worth noting that the subsequent dissociation of a complex between the oxidized TRX and a reduced target protein can be induced by conformational changes occurring at the level of the target, as reported in Fig. 4 . Modeling of the interactions of poplar TRX-like2.1 with thioredoxin reductases. Superimposition of TRX-like2.1 (pale yellow) and TRX (cyan) from the FTR-TRX (PDB 1F6M) (A) and NTR-TRX (PDB 2PUK) (B) complexes. In both cases, the main chain of TRX-like2.1 active site residues closely overlaps with the active site residues of conventional TRX (blue). Side-chain conformational distributions of Lys44 (C, D) and Arg43 (E, F) of TRX-like2.1 in the generated 3D models. The rotamers were generated using COOT [30] from the backbone independent side-chain library of the Richardson group [49] . In the FTR-TRX-like2.1 complex (E), all Arg43 rotamers cross the Connolly surface of FTR indicating that no arginine rotamer is compatible with complex formation.
the case of peroxiredoxins and methionine sulfoxide reductases [45, 46] .
The cationic residues of the TRX-like2.1 signature, Arg43 and Lys44, impact interactions with target proteins and notably hamper the reduction by FTR
We previously reported that a WCRKC to WCGPC conversion significantly altered the enzymatic activity profile of TRX-like 2.1, precluding the use of glutathione as a reductant while still allowing regeneration of a broader set of methionine sulfoxide reductases and peroxiredoxins [16] . To explore these differences further, the crystal structure of this WCGPC variant was solved ( Table 1 ). The overall folding topology and active site architecture of the variant are similar to those of an intact TRX-like2.1 and of C. reinhardtii TRX h1, indicating that the exposed Arg43 and Lys44 are presumably sufficient to favor or prevent the recognition of specific target proteins. The reason why the WCGPC variant cannot be glutathionylated is unclear in light of this structure. In order to understand why NTR, but not FTR, has the ability to reduce TRX-like2.1, we used the structural complexes of NTR-TRX (PDB entry 1F6M) and FTR-TRX (PDB entry 2PUK) as templates to model interactions with TRX-like2.1 [47, 48] . In both complexes, the main chains of residues forming the WCRKC signature of TRX-like2.1 closely overlap with those of the conventional TRX active sites (Fig. 4A,B) but the side chains of Arg43 and Lys44 in the WCRKC active site clash due to steric hindrance with the reductases. In the NTR-TRX-like2.1 modeled complex, rotamers of the Arg43 and Lys44 side chains can be found that direct the positive charges to the solvent and preclude steric hindrance (Fig. 4C,E) . However, in the FTR-TRX-like2.1 model, no arginine rotamer conformation was found compatible with complex formation (Fig. 4D,F) . This likely explains why FTR is not able to reduce TRX-like2.1. In fact, an important difference between the structures of FTR and NTR is the localization of the cysteine residues involved in TRX reduction. In the case of NTR, these cysteines are located in a CXXC signature, whereas in FTR they are situated in two separate polypeptide loops, leading to increased constraints for the dithioldisulfide exchange reaction. Hence, the presence of the arginine and lysine side chains adjacent to the two catalytic cysteines in TRX-like2.1 seems particularly important for interaction with partner proteins, both electron donors (reductases) and acceptors (targets). This adds an additional constraint to the local surface electrostatic potential, which is clearly a major factor in protein target recognition by TRXs, possibly more important than thermodynamic parameters such as the redox potentials of the respective protein partners.
Conclusions
We have determined the crystal structures of the atypical poplar TRX-like2.1 in oxidized and reduced states and a covalent complex with a glutathione adduct bound to an additional nonconserved Cys67. These structures share the same b1a1b2a2b3a3b4b5a4 topology as canonical TRXs despite the low sequence homology. The disulfide-bridged homodimeric structure obtained with the C45S/C67S variant may represent an intermediate state in the thiol-disulfide exchange reaction. This intermediate shows that no major conformational change would occur in TRX-like2.1 upon binding to the target protein, except for the catalytic Cys42 and adjacent Trp41 in the active site. Structural modeling with thioredoxin reductases supports previous biochemical observations that the two cationic residues (Arg43 and Lys44) in the active site signature of poplar TRXlike 2.1 prevent its recycling by FTR.
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